Background: Acute bacterial meningitis is still a life threatening disease. Methods: We performed a retrospective observational study on the clinical characteristics of consecutively admitted patients with acute pneumococcal meningitis in a single tertiary care center in central Europe (from 2003 until 2015). Data were compared with a previously published historical group of 87 patients treated for pneumococcal meningitis at the same hospital (from 1984 until 2002). Results: Fifty-five consecutive patients with microbiologically proven pneumococcal meningitis were included. Most striking, mortality was down to 5.5 %, which was significantly lower than in the historical group where 24.1 % of the patients did not survive. Intracranial complications during the course of the disease were common and affected half of the patients. Unlike in the historic group, most of the intracranial complications (except ischemic stroke) were no longer associated with a low Glasgow Outcome Score at discharge. Conclusion: The drastic reduction of mortality proves there have been important advances in the treatment of pneumococcal meningitis. Nevertheless, the fact that only 44.2 % of survivors had a full recovery indicates that the search for new adjunctive treatment options must be ongoing.
Background
Streptococcus pneumoniae is not only the most frequent but also one of the most threatening pathogens causing acute bacterial meningitis. Fatality rates are still high, and up to 17 % of patients die [1, 2] . Patients surviving pneumococcal meningitis often suffer from long-term neurological sequelae such as impaired neuropsychological abilities or focal neurological deficits ranging from cranial nerve palsy to hemiparesis [3] [4] [5] . Frequently, those sequelae are consequences of intracranial complications occurring during the course of the disease, such as intracranial hemorrhage, brain edema, cerebritis, empyema, sinus thrombosis, cerebral ischemia and others. Moreover, potentially fatal systemic complications such as septic shock, intravasal coagulation, acute respiratory distress syndrome and others occur frequently [6] .
In a previous study from our center, 87 cases of patients suffering from pneumococcal meningitis from 1984 until 2002 were analyzed. The reported in-hospital mortality rate in that study period was 24 %. Among the patients, 75 % suffered from intracranial complications with brain edema being the most frequent (29 %), followed by hydrocephalus (16 %), arterial complications (22 %) and venous cerebrovascular complications (9 %). Only 48 % of patients had a good clinical outcome defined by a Glasgow Outcome Scale (GOS) of 5 [3] . We have since reviewed the patients' records from the previous study to assess the current characteristics of medical care and outcome in patients with pneumococcal meningitis, beginning in 2003 and leading up to today.
Methods
All inpatients suffering from bacterial meningitis and treated at the Neurological Department of the University of Munich from 2003 to 2015 were identified. The Neurological Department of the University of Munich is part of a tertiary care hospital (Klinikum Grosshadern) in Munich, Germany. A neurologist is present at the emergency department 24 h a day, 7 days a week. This neurologist is not involved in the patient workup as a consultant, but sees all patients with a presumed neurological diagnosis "front line".
In the case of suspected bacterial meningitis, diagnostic workup and empiric therapy are initiated according to national guidelines (steroids were introduced after publication of the Dutch dexamethasone study [7] [8] [9] ). All patients received cerebral imaging (usually cerebral computed tomography (CCT), except when there were contraindications such as suspected pregnancy), before admission to the ward to check for (i) intracranial complications and (ii) infectious foci. The neurological intensive care unit (NICU) with a capacity for 12 simultaneous patients is run by a team of neurologists and neuro-intensivists with a focus on the treatment of patients with life-threatening neurological diseases: more than 95 % of the patients primarily suffer from a neurologic disease (admission diagnosis). One main focus of the center is treatment of infectious diseases of the brain [10] .
All patients with bacterial meningitis receive standard neuro-monitoring performed by a skilled nurse every hour, and this consists of evaluation of consciousness, pupil reaction, speech and limb weakness. Furthermore, a neurologist evaluates the patient neurologically four times daily. Follow-up cerebral imaging is done immediately in patients with neurologic deterioration, new-onset focal neurologic deficits or a persistent loss of consciousness without obvious reasons. Transcranial Doppler sonography is done every 48 h to screen for signs of vasculopathy in the anterior and posterior circulation [11] .
In this study, only patients with acute bacterial meningitis in whom S. pneumoniae was detected by microbiological testing were included in the study. This included patients in whom pneumococci were identified by Gram staining and microscopy of the cerebrospinal fluid (CSF), culture from CSF, polymerase chain reaction (PCR) from CSF, CSF antigen testing or blood culture (in combination with the following CSF alterations: CSF pleocytosis, elevated CSF protein, and decreased CSF/ serum glucose ratio <0.3).
Data were obtained from any medical records available. For assessment of clinical outcome at the time of discharge from our hospital, we used the GOS (with 1 = death, 2 = persistent vegetative state, 3 = severe disability, 4 = moderate disability and 5 = good recovery) [12] . A GOS of 5 was referred to as a "good clinical outcome". A GOS of 1-4 was considered as an "unfavorable outcome".
As the search for patients and the assessment of patient data was performed in the same way as in the previous study by Kastenbauer et al., we compared the epidemiological and clinical data from our current patient population with the data from the patients analyzed from 1984 to 2002 [3] . Figures were prepared and statistical analysis performed using Graph Pad Prism or Sigma Plot. All categorical outcomes were determined using Fisher's exact test, whereas all continuous outcomes were compared using the Mann-Whitney test. Odds ratios (OR) with 95 % confidence intervals (in Tables 4 and 5 ) were calculated from 2 × 2 tables. Multivariate analysis of risk factors for death or an unfavorable outcome (GOS <5) was performed for both study periods together and for each single study period separately using multiple logistic regression. The data supporting the conclusions of this article are included within the article.
Results
From 2003 to 2015, 55 patients suffering from pneumococcal meningitis were treated at our department. Of the 55 patients, 21 were admitted directly from our emergency department and 34 were transferred from another hospital. Comparing 1984 to 2002, the patients in the recent study were older and more often female ( Table 1) . The reported duration of symptoms before admission to the emergency department was currently lower than between 1984 and 2002 (p = 0.0047, see Fig. 1 ). Cerebrospinal fistulas were less frequently the underlying entry route of infection. All other characteristics of the currently analyzed patient group, including Glasgow Coma Score (GCS) on admission, were similar to those from 1984 to 2002. CSF laboratory findings on admission did not differ between the two groups ( Table 2 ).
The administered antibiotics were similar in the two study periods, as the recommended empiric therapeutic regimen given on suspicion of bacterial meningitis has not changed in Germany. In the recent study period, 52 out of the 55 patients were treated with ceftriaxone (dosage 4 g intravenously per day). Three patients were treated with meropenem and vancomycin because the medical history of these patients prompted physicians to initially expect a broader range of possible causative bacteria (two patients with CSF fistula and one patient with an eroding carcinoma of the ethmoid). There were 37 patients also treated initially with ampicillin, in case of listeria. Seven patients also received acyclovir to treat for the possibility of Herpes simplex virus (HSV) type 1 infection. As soon as S. pneumoniae was identified as the causative pathogen, the antibiotic regimen was adopted, resulting in monotherapy with ceftriaxone. Patients received additional antibiotic therapy only when additional infectious sites were identified (such as aspiration pneumonia). All pneumococcal isolates were highly susceptible to third-generation cephalosporins with a minimal inhibitory concentration (MIC) <0.5 μg/ml. The same was true for all isolates identified from patients in the previous study periods. This high rate of cephalosporine susceptibility is in accordance with nationwide surveillance data indicating more than 99 % susceptibility of pneumococci to third-generation cephalosporines [13] . The median time from arrival at the hospital to administration of antibiotics was 38 minutes (minimum 5 minutes, maximum 240 minutes) for all patients who were directly admitted to our hospital.
The percentage of patients treated with dexamethasone significantly increased to 85.5 % in 2003-2015 from 18.4 % in 1984-2002 (p < 0.001). This was the consequence of the results of the European dexamethasone trial that were published in 2002 [7] . For both study periods together, mortality was significantly lower in the group of patients who received steroids vs. in the group of patients who did not receive steroids (9 % vs. 30 %, p = 0.036). A lack of corticosteroid therapy was associated with death in all patients in both study periods (OR = 14.26 (1.58-128.72), p = 0.018) but not with an unfavorable outcome in multivariate analysis. There was no association between corticosteroid treatment and outcome when both study periods were evaluated separately; this can most likely be explained by the fact that the distribution of steroids was quite homogenous in both periods (rate of steroid use 85.5 % in 2003-2015 and 18.4 % in 1984-2002) .
Thirty-six patients received dexamethasone at a dosage of 4 × 10 mg intravenously per day for 4 days. Four patients received a dosage of 3 × 8 mg. Three patients received hydrocortisone instead of dexamethasone for treatment of sepsis. We were only able to obtain data on the timing of dexamethasone therapy for patients who were directly admitted to our hospital. In these patients, the median time from arrival at the hospital to administration of steroids was 45 minutes (minimum 5 minutes, maximum 420 minutes). None of the patients received dexamethasone before the first administration of antibiotics.
The most common cause of pneumococcal meningitis identified in our study was sinusitis and/or mastoiditis. This was found in as many as 36 of 55 patients (65 %). Among patients who were transferred from another hospital, 80 % had ENT-focused disease. Among patients who were directly admitted to our hospital through our emergency department, 43 % had ENT-focused disease. Surgery was conducted within 24 hours of hospital admission in all patients with ENT-focused disease. Two patients with endocarditis underwent cardiac surgery. Of 55 patients, 54 were treated at the NICU with a median stay in the NICU of 8 days (minimum 1 day, maximum 62 days). There were intracranial complications in 52.7 % of patients ( Table 3 ). The most frequent complication was the development of brain edema (14.5 %), followed by epileptic seizures (14.5 %), cerebral ischemia (12.7 %), and hydrocephalus (10.9 %). Overall, the rate of intracranial complications was lower in the current study period than from 1984 to 2002 (p = 0.01). In addition to the intracranial complications assessed in the former study period, 22 patients (40 %) had vasculopathy detected by transcranial ultrasound (defined as systolic cerebral blood flow >150 cm/sec in any intracranial artery).
There was a significant reduction in disseminated intravasal coagulopathy: every other systemic complication occurred at an unchanged frequency in both study periods. Six patients developed tetraparesis due to critical illness polyneuropathy.
Per standardized protocol at the ICU, all patients with impaired consciousness were positioned with a head up tilt of 30°, in case of an increase in intracranial pressure. Impaired consciousness was associated with hydrocephalus in six patients, five of whom received an external ventricular drain and deep sedation. Deep sedation in combination with continuous drainage of the CSF was sufficient to keep the intracranial pressure below 20 mmHg in all patients. Intubation was required in 28 patients for airway protection and/or respiratory insufficiency. Patients were normoventilated with an arterial partial pressure of carbon dioxide (paCO2) of 32-36 mmHg. The need for intubation was associated with a GOS <5 at the time of discharge from our hospital (p = 0.003). The systolic blood pressure was kept above 100 mmHg. There were 58 % of patients requiring vasopressors. The mortality rate and the rate of unfavorable outcomes was not statistically different in patients who required or did not require vasopressors (p = 0.241).
Patients were treated with nimodipine if increased cerebral blood flow was detected by transcranial ultrasound (which is routinely performed in patients with meningitis every other day during the hospital stay). Whenever nimodipine was administered, patients received an arterial line for continuous blood pressure surveillance and their arterial blood pressure was kept at 120 mmHg or higher. Antiepileptic treatment was started in patients with epileptic seizures. The following drugs were used: phenytoin (n = 4 patients), levetiracetam (n = 2 patients), valproic acid (n = 1 patient) and carbamazepine (n = 1 patient). Treatment was successful, as there were no further seizures in any of these patients.
Overall, only 3 out of 55 patients (5.5 %) died: In a 74-year-old female patient who was suffering from a progressive eroding carcinoma of the ethmoid and who did not improve after 9 days of intensive care, therapy was withdrawn in accordance with the patient's provision and in agreement with the relatives. A 74-year-old man died only 1 day after admission with massive cerebritis. Furthermore, a 66-year-old woman died after 14 days of therapy due to multiple systemic complications (sepsis with disseminated intravasal coagulopathy, acute coronary syndrome and acute renal failure). Compared to 1984-2002, mortality was significantly lower in 2003-2015 (24.1 % vs. 5.5 %, p < 0.05).
Follow-up lumbar puncture (LP) was performed in 35 patients (64 %); of these, 9 patients received a repeat LP at our ICU within the first 2 days to confirm a diagnosis made at a different hospital. In those patients, CSF results had improved (decrease in pleocytosis and protein and increase in CSF/serum glucose ratio) or did not differ significantly from the first LP. In the remaining 25 patients, LP was repeated later (median 10 days, minimum 3 days, maximum 25 days), and inflammatory parameters were found to be reduced in 23 of the 25 patients.
Causative pathogens could not be isolated in any of the CSF samples obtained during repeat LP (gram stain, culture, antigen test, PCR). CSF pleocytosis had increased in only two patients: in one patient CSF pleocytosis increased from 500 cells/μl to 1909 cells/μl. As a switch was observed from granulocytic to lymphocytic pleocytosis and cultures remained sterile, the antibiotic regimen (consisting of ceftriaxone 4 g/day intravenously) was not changed. The patient improved (92 cells/μl, protein 136 cells/μl, CSF glucose 82 mg/μl on follow-up LP 10 days later). Another patient had persistent pleocytosis with persistently decreased CSF/serum glucose ratios for one month, without detection of a causative pathogen. As a consequence, he received a second ENT operation on the sphenoidal and ethmoidal sinuses, which were identified as a possible second persisting focus in addition to the initial mastoiditis for which his first operation was performed. There was improvement in the CSF parameters on subsequent follow-up LPs.
Notably, all survivors in the current patient group were discharged with a GOS of 3 or more and, thus, the reduction of mortality was not associated with an increase in patients with a GOS of 2. The rate of discharge of patients with a GOS of 5 was similar in the two study periods (Fig. 2) .
A low GCS on admission and chronic underlying diseases (defined as malignancies not in remission, diabetes mellitus, abuse of alcohol, terminal renal failure, chronic hepatitis or immunosuppressive therapy) were associated with an unfavorable outcome ( Table 4) . On multivariate analysis, a low GCS (GCS <10) on admission was also associated with an unfavorable outcome (GOS <5) in both study periods together (OR As in the historical patient group, the GOS in patients with intracranial complications was still worse than in those who did not develop intracranial complications (p = 0.011). This also held true in a multivariate analysis where intracranial complications were associated with unfavorable outcome (all patients in both study periods, OR = 11.5 (3.2-41.33, p < 0.001; study period 2003-2015, OR = 6.44 (1.21-34.22, p = 0.029)) . Patients who developed a manifest ischemic stroke were discharged with a lower GOS than those who did not suffer from cerebral ischemia (p = 0.010). Nevertheless, the current outcome did not differ among patients who developed vasculopathy (p = 0.107), seizures (p = 0.089), brain oedema (p = 0.198) or hydrocephalus (0.598) in comparison to those who did not develop these complications (Table 5 ). This is different to the earlier study period where the development of any of these complications was associated with a low GOS (Fig. 3) . Also, on multivariate analysis there was association between systemic complications and an unfavorable outcome altogether (OR = 3.57 (1.39-9.14), p = 0.043) and in both study periods (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) 
Discussion
The most striking finding in the study period from 2003 to 2015 is the low mortality rate of 5.5 %, representing a marked difference to the results in our earlier study from 1984 to 2002, in which 24.1 % of patients died. This result is striking: although the overall development in Europe is that case fatality rates have generally decreased in the past 20 years, such a drastic improvement has not been reported before. While 30 % of patients . In a study from Sweden the mortality rate was 11 % in patients suffering from pneumococcal meningitis [14] . One important reason for the improvement of outcome in this serious disease is the administration of adjunctive dexamethasone, which has been introduced in central Europe as the standard of care after the European Dexamethasone Study from the Netherlands in 2002 and the results of several meta-analyses [7, 15] . In the current analysis, intracranial complications occurred significantly less frequently than in the former study period (p < 0.01). The same trend was seen for systemic complications. Thus, the reduction in intracranial complications and, potentially, also in systemic complications might have contributed to the reduction in mortality. Improved outcome in patients with pneumococcal meningitis given dexamethasone has only been associated with reduced mortality due to systemic reasons, and not with reduction in intracranial complications [16] . It is impossible to draw causal pathophysiologic conclusions from clinical associations, but reduction in intracranial complications due to dexamethasone treatment is well in line with pathophysiological concepts of pneumococcal meningitis. As multiple animal studies have shown, subarachnoid inflammation triggered by bacterial compounds and danger signals is a major driver of intracranial complications, and dexamethasone therapy can lower the degree of inflammation in pneumococcal meningitis [17] .
It seems difficult to attribute the very low mortality rate of 5.5 % to the introduction of adjunctive dexamethasone only. Thus, we first checked for other differences in our two populations that might have had an additional impact on mortality. One factor that might have contributed to the improvement in outcome in the recent study population could be the shorter duration of symptoms before presentation to an emergency department, as an early start of antibiotic therapy is known to contribute to a better prognosis in acute bacterial meningitis [18] . This has only been shown for the delay of antibiotics from the time point of arrival of the patient at the hospital but should also be a factor for the time period of disease duration until the patient is admitted to the emergency department.
Other differences in the study populations are less likely to be of relevance: the current patients were older, which is an unlikely factor for reduced mortality, as increased age has been reported to be an independent risk factor for death due to bacterial meningitis [19] . Second, the proportion of female patients was higher in the current study, but female gender has also been described as a risk factor for adverse outcome in the elderly with meningitis. The fact that fewer patients suffered from a CSF fistula as an underlying condition with pneumococcal meningitis is not to our knowledge known to be a risk factor for good or adverse outcome.
In addition to antibiotic therapy being started earlier and the administration of dexamethasone, treatment options in intensive care medicine have improved and might have contributed to the outcome. With knowledge on complications in pneumococcal meningitis there is an increasing chance to anticipate and detect these complications, which enables physicians to take adequate measures early. Unfortunately, most ICU interventions in pneumococcal meningitis have not been evaluated in prospective studies. Examples are interventions to decrease increased cranial pressure when suspected, including deep sedation, head tilt elevation at 30°and placement of an external ventricular drain in the case of clinically relevant hydrocephalus. In line with these data, a recent study from Sweden showed that patients with acute bacterial meningitis seem to benefit from medical care at an ICU experienced in the treatment of patients with severe neurological diseases and the possibility to undertake adequate measures (e.g., placement of an external ventricular drain) [20] . It is of great importance that hyperventilation of such patients is avoided as it lowers the intracranial pressure at the cost of reduced cerebral blood flow.
Further interventions in our patients included treatment with nimodipine and the prevention of a drop in cerebral perfusion pressure when vasculopathy has been identified by transcranial ultrasound [11, 21] . In sinus thrombosis, intravenous heparin was used (whenever the transverse sinus was not affected). Such measures have potentially dangerous side effects, especially in severely ill patients who are sedated and in whom neuromonitoring is limited. Nevertheless, the low mortality in this study and the data from Glimaker et al. [20] suggest that patients with pneumococcal meningitis benefit from treatment at centers specialized in the treatment of patients with severe neurologic diseases and we consider it likely that mortality rates at other single specialized centers in central Europe are also lower than in nationwide studies. In addition, it is a common practice at our center to perform early surgery in the case of a suspected focus of pneumococcal meningitis (e.g., sinusitis and/or mastoiditis). In recent years we have managed to surgically clear the focus of infection within 24 h in these patients. Although not evaluated in any prospective studies, we consider this as a crucial factor for outcome as it is in line with the generally accepted premise "ubi pus, ibi evacua". However, it is completely unclear whether this has a positive effect on outcome and, to our knowledge, is not done in all centers. Therefore, clinical studies should be undertaken to address this topic.
Our study has several limitations. The data were collected retrospectively. Thus, interesting factors that might have contributed to the improved outcome could not be satisfactorily identified and, thus, were not evaluated. For example, the time to the initiation of antibiotic therapy in hospital is known to be crucial in bacterial meningitis [14, 18, 22] and it is possible that antibiotics were administered earlier in recent years than in the study period from 1984 to 2002.
In the course of the disease, especially at the intensive care unit, physicians and nurses are well-trained to optimize patient care continuously. This includes careful titration of sedation, keeping blood pressure in predefined corridors, sustain optimal mechanical ventilation, detect arising complications even before they become clinically relevant and counteract them immediately. The impact of such interventions is extremely difficult to measure, and it is impossible to assess them in a retrospective study. Furthermore, we did not assess long-term outcome: 58 % of patients were transferred to rehabilitation units and hopefully further improved. This is very likely, as a relatively large proportion of patients (25 %) were sent there with a GOS of 4 and none of the patients were discharged with a GOS of 2. Thus, the chances are high that the long-term unfavorable outcome in this study was even lower than reported.
Finally, vaccination against S. pneumoniae has been recommended with PCV-7 in 2006 and PCV-13 in 2009 for children in Germany. This has resulted in a decline in vaccine serotypes as the causative pneumococcal isolates from adults with pneumococcal meningitis (and an increase in serotype 23B) [23] . Unfortunately, information on serotyping of the isolates is not available in our retrospective dataset. Thus, we cannot comment on whether this change of serotype distribution might have had an impact on outcome in our patient population.
Conclusions
In this study, the current mortality in patients with pneumococcal meningitis was 5.5 %, which is significantly lower than in an earlier study from 1984 to 2002 and the lowest reported mortality for this disease in Europe so far. In addition to the introduction of corticosteroids as routine adjunctive therapy, many other interventions performed in the ICU probably contributed to the improved outcome. As the impact of single interventions remains unclear, this study points at the necessity for a prospective evaluation of ICU interventions in pneumococcal meningitis. 
